The parallel and the oblique firehose instability are generally is still an open question which instability dominates this process. Only re-6 cently, first attempts were made to study the linear growth of the parallel 7 firehose assuming more realistic bi-kappa velocity distributions instead of tra-8 ditionally used bi-Maxwellians. We apply a newly developed, fully kinetic 9 dispersion solver to numerically derive the instability thresholds for both fire-10 hose instabilities. In contrast to former findings, we observe that the pres-
A major limitation which narrows a realistic description of solar wind properties is the 77 frequenctly used restriction to bi-Maxwellian particle velocity distributions of the form 
86
For the sake of a less cumbersome theoretical treatment, solar wind data which deviates 87 too strongly from a bi-Maxwellian model is often discarded, as is the case, e.g., for the can often be fitted by kappa distributions [Olbert, 1968; Vasyliunas, 1968] . Non-thermal 95 high-energy tails are directly measured throughout the solar wind [Gloeckler et al., 1992] ,
96
from the solar corona [Ko et al., 1996] to the termination shock [Decker et al., 2005] , as well 97 as in planetary magnetospheres [Paschalidis et al., 1994; Krimigis et al., 1983; Leubner , 98 1982]. For anisotropic plasmas, the kappa distribution can be written in the form gin of the observed high-energy tails is still in the focus of current research. 
then gives the dispersion relation ω(k). 
145
defined by Fried and Conte [1961] . The components of the dielectric tensor for a bi-
146
Maxwellian medium can then be written as given, e.g., in Brambilla [1998] . Assuming 147 bi-kappa distributed particles a modified plasma dispersion function
was introduced by Summers and Thorne [1991] and expressions for the components of 150 the corresponding dielectric tensor were derived in Summers et al. [1994] .
151
For purely parallel propagating modes (k ⊥ = 0), it is easy to show that the dispersion 152 relation greatly simplifies to the parallel kinetic equation For a bi-Maxwellian plasma with f α given by equation (1), this can be rewritten as
156 where ξ α = ω∓Ωα k v α .
157
For a bi-kappa plasma, we get
160
The lower (upper) sign in ξ α is for right-(left-) handed circularly polarized waves. For 162 the parallel firehose instability, right-hand polarization is considered. 
The firehose instability
In the existing literature, the thresholds of the parallel and the oblique firehose insta-164 bility are frequently discussed and compared to solar wind data (see, e.g., Kasper et al. 
171
The dispersion properties of the parallel proton firehose in bi-kappa setups were inves- instability threshold were also briefly discussed. However, the threshold was only con-sidered in the fluid approximation and an erroneous conclusion was drawn from a flawed electrons, only. We want to focus on the proton firehose, instead.
179
To our knowledge, the oblique firehose instability has never been investigated in bi-kappa 180 setups. The reason for this might be the increased numerical effort. However, this chal-181 lenge can be overcome by using the newly developed dispersion relation solver DSHARK 182 which is based on the findings of Summers et al. [1994] . In this work, we present and 183 discuss the numerically derived thresholds for the parallel and the oblique proton fire-
184
hose instability in bi-kappa distributed plasmas. Throughout the paper, the electrons are 185 assumed to be isotropic and Maxwellian with β e = 1. 
The parallel firehose instability
The parallel firehose instability shows positive growth rates for propagation angles |θ| 187 20
• . However, the maximum growth rate is always found at θ = 0 • , so the dispersion 188 relation of the dominant mode can be derived by applying the parallel kinetic equation, 189 equation (7), for a bi-Maxwellian or, equation (9), for a bi-kappa plasma, respectively. By 190 using the large argument expansion, |ξ α | 1, in the plasma dispersion function,
192
and keeping all terms up to order O(δ 3 ) in equation (7), where δ ∼
, we recover 193 the dispersion relation of the fluid firehose instability,
which can also be obtained from kinetic MHD. We see that in the fluid approximation the 196 parallel firehose is purely growing and there is an analytic instability threshold given by
198 However, equation (11) , 1968; Yoon, 1995] .
201
Solving equation (7) has an impact on the corresponding instability threshold.
208
In Fig. 1 i.e.γ = γ/Ω i . This is rather empirical and there is still a lack of a physical justfication 217 for the relevance of these time scales (we will further comment on this in section 4).
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However, for the following considerations, we will continue usingγ max = 10 −1...−3 as 219 reference thresholds since these are the limits often used in the literature.
220
Lazar et al. [2011] came to the conclusion that a decreasing κ index leads to an increase 221 of the parallel firehose threshold to higher pressure anisotropies. Hence, the plasma is 222 expected to become more stable in the presence of suprathermal particle populations. This 
237
Hence the system becomes firehose-unstable when the centrifugal force exceeds the sum 238 of the other two forces. We add up the contribution of all particles by integrating over 239 the particle velocity distribution f . The instability condition then reads For a bi-Maxwellian distribution, given by equation (1), we immediately recover the fluid 242 threshold, equation (12). For a bi-kappa distribution, equation (2), we get
244
Using the definitions for θ and θ ⊥ this turns into the well-known fluid threshold, equation
245
(12).
246
In Fig. 2 
258
Since the fluid mechanism of the instability does not depend on κ, we conclude that the 259 sensitivity of the threshold to the κ index, which we observe for low β , is related to the 260 cyclotron-resonant nature of the parallel firehose instability. In order to get some insight 261 into the cyclotron resonance mechanism, we solve the parallel kinetic equation, equation
262
(6), following the usual Landau procedure (see, e.g., Gurnett and Bhattacharjee [2005] ).
263
Applying a low growth rate expansion, γ ω r , which is a reasonable approximation along theγ max = 10 −3 threshold, we can find the resonant growth rate
268
The term in the second integral can also be written in terms of the pitch angle θ as (first term in equation (16)) and the pitch angle anisotropy at the resonance velocity,
(second term in equation (16)).
273
We found that in low-anisotropy setups, such as the one shown in Fig. 3 we see an enhancement of the parallel firehose instability in the presence of suprathermal 280 populations. We conclude that the destabilizing effect of the pitch angle anisotropy must 281 be dominant here and even overcome the damping term.
282
For high-anisotropy setups, such as the one shown in Fig. 4 , the resonance velocities 283 in the unstable wave number range generally move closer to the core of the distribution.
284
Why this leads to a dominance of the Maxwellian setup remains an open question which 285 must be addressed in the future.
The oblique firehose instability
The oblique firehose instability was first discussed in Yoon et al. [1993] 
307
Since a finite propagation angle with respect to the background magnetic field gives rise
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to more complex physics, the origin of the observed behaviour is not evident and re-309 quires a more rigorous study of the cyclotron mechanism for obliquely propagating waves.
310
However, this is beyond of the scope of this paper. 
Conclusion
In this paper, we investigated the thresholds of the parallel and the oblique firehose in-312 stability in plasmas with bi-kappa distributed ions. Since measurements of solar wind ion 313 distributions often show pronounced high-energy tails, bi-kappa distributions were found 314 to be a useful extension to traditionally used bi-Maxwellians.
315
In contrast to former work, Lazar et al.
[2011], we found that the resonant parallel firehose 316 instability is enhanced by the presence of suprathermal ion populations in low anisotropy 317 setups withγ max 0.01. We suggest that this is due to the increased pitch angle 318 anisotropy at the corresponding resonant velocities, causing stronger cyclotron resonance.
319
In addition, we found that the oblique firehose instability threshold is also sensitive to the 320 presence of suprathermal particles. However, in contrast to the parallel firehose instabil-321 ity, the threshold is always shifted to higher anisotropies, regardless of the propagation 322 angle. Again, this is supposed to be due to the cyclotron resonant nature of the instability.
323
However, due to the increased complexity imposed by k ⊥ = 0, the detailed nature of the 324 resonance mechanism is not obvious and calls for further investigation.
325
We conclude that in plasmas with suprathermal ion populations the parallel firehose in-326 stability is enhanced while, at the same time, the plasma is stabilized with respect to the 327 oblique firehose. The differences between the thresholds in bi-Maxwellian and bi-kappa between the parallel and the oblique firehose instability. The influence of high-energy 331 populations is most important for low β 1. However, also for higher β it can be 332 crucial since it extends the linear dominance of the parallel firehose instability over the 333 oblique firehose to higher β .
334
Even slight deviations from a bi-Maxwellian were found to lead to significant shifts of confirm the expected dominance of the oblique firehose instability.
357
The most promising way to make further theoretical progress on this matter, is the appli- Hellinger et al. [2006] suggested that firehose instability thresholds may be fitted by an analytic relation of the form
Find below the corresponding fit parameters (a, b, β 0 ) for various thresholds of the parallel 374 and oblique firehose assuming different κ indices and propagation angles θ.
375
Notes 1. We assume a perfectly conducting plasma here. Table 5 . Fit parameters for theγ max = 10 −2 threshold of the oblique firehose instability with θ = 45
• , in the range 1.0 < β < 50.0.
